introduCtion
Previous research has reported that animals exhibiting standing estrus before fixed-time AI (tai) achieved greater preovulatory concentrations of estradiol before ovulation and greater pregnancy success compared with animals that do not exhibit standing estrus (Perry and Perry, 2008a; Perry et al., 2005 Perry et al., , 2007 . A recent reciprocal embryo transfer experiment that examined cows that did not exhibit estrus before TAI demonstrated that donor cows with increased concentrations of estradiol at AI were more likely to yield a fertilized embryo and that increased estradiol tended to improve embryo quality and viability (Jinks et al., aBstraCt: It has been repeatedly demonstrated that estrous expression before fixed-time AI (TAI) results in increased pregnancy success. Therefore, the objective of this experiment was to determine if preblastocyst embryonic developmental characteristics differed from heifers that did or did not exhibit estrus before TAI. Beef heifers (n = 113) were synchronized using the 5-d CO-Synch + controlled internal drug release device with TAI on d 0. Before TAI, estrous expression was assessed twice daily. On d 6, single embryos were collected and visually evaluated to determine quality (International Embryo Transfer Society standards; 1-4, in which 1 = excellent/good and 4 = degenerate) and stage (1-9, in which 1 = unfertilized and 9 = expanded hatched blastocyst). Embryos were stained and evaluated to determine number of dead blastomeres, number of total blastomeres, and number of accessory sperm. Estrous expression before TAI did not affect the percent of embryos recovered (P = 0.59), number of dead cells (P = 0.99), or number of total cells (P = 0.25). However, heifers that exhibited estrus had increased mean (P = 0.03) and median accessory sperm numbers and (P = 0.01) percent live cells when compared with nonestrus heifers. Heifers that exhibited estrus also produced embryos that had a more advanced stage (P = 0.03) and improved quality (P = 0.04) when compared with those heifers not exhibiting estrus. When all heifers were evaluated, there was no correlation between circulating concentration of estradiol at TAI and embryo quality or embryo stage. There was a significant correlation between accessory sperm numbers and embryo quality (P = 0.01) and embryo stage (P < 0.01), such that as accessory sperm numbers increased, embryo quality and stage increased. In conclusion, exhibiting estrus before TAI resulted in improved embryo quality and advanced embryo stage on d 6 and increased the number of accessory sperm associated with the embryo. 2013) and improved fertilization success and pregnancy maintenance to Day 27 .
The nutrients, growth factors, immunosuppressive agents, enzymes, and ions secreted by the endometrium contribute to early conceptus growth and survival (Geisert et al., 1992; Gray et al., 2001) , and any changes can greatly influence early embryonic viability. Estradiol played a direct role in regulating oviductal secreted glycoproteins (Buhi, 2002) and in the regulation of the biological clock in the uterus (Nakamura et al., 2005) . It has also been hypothesized that increased estradiol improves fertilization success through an increase in sperm transport to the site of fertilization (Hawk, 1983) and regulation of changes in uterine pH around the onset of estrus (Perry and Perry, 2008a,b) . Therefore, the objective of this experiment was to determine if preblastocyst embryonic developmental characteristics differed from heifers that did or did not exhibit estrus before TAI.
materiaLs and metHods
All procedures were approved by the South Dakota State University and the University of Minnesota Animal Care and Use Committees.
Experimental Design
Beef heifers (n = 113) were synchronized with the 5-d CO-Synch + controlled internal drug release (Cidr) protocol in 7 replicates at the University of Minnesota (n = 88; Grand Rapids, MN) and at South Dakota State University (n = 25; Brookings, SD). Heifers were administered GnRH (100 µg as 2 mL of Factrel i.m.; Zoetis Animal Health, Florham Park, NJ) at insertion of a CIDR device (Zoetis Animal Health) on d -8 followed by PGF 2α (25 mg as 5 mL of Lutalyse i.m.; Zoetis Animal Health) administration and CIDR device removal on d -3. A second 25-mg dose of PGF 2α was administered on d -3 (>6 h after the first) and TAI was conducted at 72 h (d 0) after CIDR device removal concurrent with administration of GnRH. Artificial insemination was performed by a single trained technician at each location with semen from a single sire (semen from a single ejaculate were used across all replicates). Estrus was assessed twice daily from CIDR device removal (d -3) to d 1 with visual observation of mounting behavior and with the aid of a tail mounted estrous detection aid (Tell Tail [FIL, Mount Maunganui, New Zealand] 
Diet
Heifers used in this experiment were also part of another experiment that evaluated the effects of postinsemination diet on embryo stage and quality (Kruse et al., 2013) . Heifers were developed in a dry lot as a single group within location from weaning to AI and fed approximately 125% of the NRC requirements (NRC, 1996) . Immediately following TAI, half of the heifers were randomly selected to continue on the preinsemination diet and the remaining heifers were fed a submaintenance diet until embryos were recovered on d 6.
Embryo Collection and Evaluation
On d 6 following AI, all animals were subjected to uterine flush procedures to collect single embryos. In brief, the side of ovulation was confirmed by the presence of a corpus luteum using transrectal ultrasonography (7.5-MHz linear array transducer, Aloka 500V; Aloka, Wallingford, CT), a catheter was placed in the uterine horn ipsilateral to the corpus luteum, and the horn was flushed with flush media (Vigro Flush Media; Bioniche Life Sciences, Belleville, ON, Canada), recovered, and filtered. Recovered embryos (n = 73) were transported in flush media (Vigro Flush Media) in 0.25-cm 3 straws at 37°C to the laboratory for evaluation. Embryos were assigned a quality grade (scale 1 to 4: 1 = excellent/good, 2 = fair, 3 = poor, and 4 = dead or degenerating) and evaluated for stage of development (scale 1 to 9: 1 = unfertilized, 2 = 2 to 12 cells, 3 = early morula, 4 = morula, 5 = early blastocyst, 6 = blastocyst, 7 = expanded blastocyst, 8 = hatched blastocyst, and 9 = expanded hatched blastocyst) according to International Embryo Transfer Society standards (IETS, 2009 ) by an embryologist blind to experimental treatments.
Embryo Staining
All embryos were stained and evaluated via epifluorescent microscopy to determine the number of accessory sperm, dead blastomeres, and total blastomeres. All chemicals used in the embryo staining procedure were obtained from Sigma Aldrich (St. Louis, MO), unless otherwise specified. Initially, embryos were washed through three 50-μL drops of polyvinylpyrrolidone (PVP) solution (1 µg/L in PBS) to enhance stain absorption followed by a 10-min incubation period with Hoechst 33342 (5 μg/mL; bisbenzimide trihydrochloride) in darkness. Embryos were then placed in PVP on a glass slide and visualized at 200x magnification with an inverted microscope equipped with epifluorescense filter (excitation at 365 nm and emission at 420 nm). The number of accessory sperm cells was counted 3 times and recorded. Embryos were then removed from the glass slide and washed through three 50-μL drops of PVP solution followed by a 5-min incubation period in propidium iodide (20 µg/mL) in darkness. Again, embryos were placed on a glass slide in a drop of PVP solution and visualized at 200x magnification using an epifluorescense filter (excitation at 365 nm and emission at 530 nm). The number of dead blastomeres was counted 3 times and recorded. Embryos were then moved to a solution of 0.02 N HCl and visualized under a stereoscope until degradation of the zona pellucida was observed followed by washing through 3 drops of PVP solution and staining with Hoechst 33342 as described above. Following staining, embryos were moved in PVP onto a glass slide. A cover slip was placed on top of the embryo to facilitate the spreading of a thin layer of cells. Blastomeres were visualized and counted 3 times as previously described. For all cell counts, the average of the 3 independent counts was used for statistical evaluation.
Blood Sampling and Radioimmunoassay
Blood samples were collected by venipuncture of the jugular vein into 10-mL Vacutainer tubes (Fisher Scientific, Pittsburgh, PA) at time of insemination for determination of serum concentrations of estradiol and at time of uterine flush for determination of serum concentrations of progesterone. Blood was allowed to coagulate at room temperature for 1 h and centrifuged at 1,200 × g for 30 min at 4°C. Serum was harvested and stored at -20°C until analysis was performed by RIA. All serum samples analyzed for concentrations of estradiol-17β used the methodology described by Perry and Perry (2008a) , and inter-and intra-assay CV were 8.53 and 5.12%, respectively, and assay sensitivity was 0.4 pg/mL. Samples analyzed for concentrations of progesterone used the methodology described by Engel et al. (2008) , and inter-and intra-assay CV were 9.8 and 4.0%, respectively, and assay sensitivity was 0.4 ng/mL.
Statistical Analysis
Five heifers were not able to be flushed and were, therefore, removed from all analysis. Data were analyzed using the GLIMMIX and Mixed procedures of SAS (SAS Inst. Inc., Cary, NC). The initial statistical model included diet, replication, and estrus expression. There was no diet × replication interaction or diet × estrus interaction for any variable evaluated. Therefore, diet data is not reported in this study. Dietary treatment, however, was included in the statistical model to account for dietary effects on all subsequent statistical evaluations. Data were analyzed for the impact of estrus on embryo recovery rate, embryo quality, embryo stage, number of accessory sperm, total number of cells, circulating concentrations of estradiol at time of insemination, and circulating concentrations of progesterone at time of uterine flush. Replicate was modeled as a random effect. Flush order and interval from onset of estrus to AI was included in the model to account for advanced embryo stage with increased time. No estrus × replicate interaction was detected (P > 0.37); therefore, data were combined and are reported as the main effect of estrus (least squares means ± SE). Significance was determined at P < 0.05 and tendency was determined at 0.05 < P < 0.10. All correlations were analyzed by the PROC CORR procedure of SAS.
resuLts
There was no difference (P = 0.59) in embryo recovery rate between heifers that exhibited estrus (50/71; 70%) and heifers that did not exhibit estrus (23/39; 59%) before TAI. Estrus was initiated 7.8 ± 0.98 h before the time of TAI among heifers that exhibited estrus (Fig. 1) . Furthermore, among heifers in which an embryo was recovered, there was no difference (P = 0.24) in circulating concentrations of progesterone at time of uterine flush between heifers that did or did not exhibit standing estrus (7.7 ± 0.7 and 6.9 ± 0.7 ng/mL, respectively). However, heifers that exhibited estrus yielded embryos that were more advanced in stage (P = 0.03; 4.5 ± 0.25; Fig. 2 ) and had improved quality (P = 0.04; 1.1 ± 0.21; Fig. 3 ) when compared with embryos recovered from heifers not exhibiting estrus (3.7 ± 0.41 and 1.8 ± 0.34, respectively). There was no effect of flush order (P = 0.71 and P = 0.15) or interval from onset of estrus to AI (P = 0.67 and P = 0.25) on either embryo stage or embryo quality, respectively. There was no difference in the number of dead cells (P = 0.99) or total cells (P = 0.25) between heifers that exhibited estrus (9.0 ± 2.2 and 67.1 ± 6.8, respectively) and heifers that did not exhibit estrus (9.1 ± 2.8 and 54.9 ± 11.4, respectively). In addition, there was no effect of flush order (P = 0.29 and P = 0.12) or interval from onset of estrus to AI (P = 0.16 and P = 0.56) on either number of dead cells or number of total cells, respectively. However, heifers that exhib- ited estrus had an increased (P = 0.01) percentage of live cells (90.9 ± 5.5) when compared with heifers that did not exhibit estrus (69.3 ± 9.2). There was no effect of flush order (P = 0. 32) or interval from onset of estrus to AI (P = 0.37) on percentage of live cells.
There was an effect of embryo stage on total number of cells (P < 0.01). As embryo stage increased, the number of cells in the embryo increased (4.3 ± 7.1, 24.0 ± 5.5, 46.7 ± 2.1, 77.2 ± 2.7, and 128.5 ± 5.0 for stage 2, 3, 4, 5, and 6, respectively). In addition, there was an effect of embryo quality on number of dead cells (P < 0.01) and percentage of live cells (P < 0.01). As embryo quality improved, the number of dead cells decreased (6.4 ± 1.2, 14.0 ± 1.7, 16.0 ± 1.6, and 3.2 ± 3.4 for grade 1, 2, 3, and 4, respectively), and as embryo quality improved, the percentage of live cells also increased (92.0 ± 1.5, 75.5 ± 2.9, 42.7 ± 3.0, and 0.0 ± 6.9 for grade 1, 2, 3, and 4, respectively).
Heifers that exhibited estrus had increased mean (P = 0.03; 25.2 ± 5.2) and median (12) accessory sperm numbers compared with heifers that did not exhibit standing estrus (7.2 ± 8.7 and 8, respectively; Fig. 4) . Furthermore, there was a negative correlation between number of accessory sperm and embryo quality grade (P = 0.01, r 2 = -0.30); as accessory sperm number increased, embryo quality improved. In addition, there was a positive correlation between number of accessory sperm and embryo stage (P < 0.01, r 2 = 0.33); as accessory sperm number increased, embryo stage was advanced.
There was no difference in circulating concentrations of estradiol (P = 0.14) at AI between heifers that exhibited estrus and heifers not exhibiting estrus (2.4 ± 0.46 and 1.8 ± 0.56 pg/mL, respectively). Across estrous expression categories, there was no correlation between estradiol at TAI and embryo quality grade (P = 0.13) and only a tendency with embryo stage (P = 0.07, r 2 = -0.22).
disCussion
In cattle, the interval from initiation of estrus (or second GnRH injection) to ovulation is around 30 h (Pursley et al., 1995; Vasconcelos et al., 1999) and circulating concentrations of estradiol peak approximately 24 h before ovulation (Chenault et al., 1975) . This rapid rise in serum concentrations of estradiol initiates estrus behavior in females (Allrich, 1994) . It has been previously established that cows exhibiting estrus before TAI have increased pregnancy success when compared with cows that do not exhibit standing estrus (Perry et al., 2005 (Perry et al., , 2007 . Estrus expression may serve as a biomarker for adequate estradiol concentrations to promote improved fertility in an individual female, as cattle that exhibit estrus prebreeding have greater circulating concentrations of estradiol than those that fail to exhibit estrus (Perry et al., 2005) . Various mechanisms for this improvement in fertility due to increased estradiol concentrations associated with estrous expression exist Geary et al., 2013) . The objective of the current study was to determine if estrous expression before TAI affected early embryonic development in beef heifers. In fact, estrous expression was associated with improved embryo quality and tended to advance embryo stage. Moreover, estrus expression was associated with increased accessory sperm numbers, which have been associated with improved embryo characteristics (DeJarnette et al., 1992; Hawk and Tanabe, 1986; Hunter and Wilmut, 1984) as was further demonstrated in the present study.
In the present study, there was no difference in circulating concentrations of estradiol at time of AI between heifers that did or did not exhibit estrus. In a previous examination of the 5-d CO-Synch + CIDR synchronization protocol, it was reported that the majority of animals expressed estrus at or before AI (Whittier et al., 2013) . The transient rise in estradiol at the initiation of estrus triggers the preovulatory surge of LH (Chenault et al., 1975; Lemon et al., 1975) . Following the LH surge, aromatase activity is downregulated, resulting in a decrease of intrafollicular and circulating concentrations of estradiol (Komar et al., 2001) . Therefore, animals achieving estrus obtained adequate concentrations of estradiol to elicit this behavioral response and initiate an LH surge before TAI, thus having reduced concentrations of estradiol at time of insemination.
In the current study, fertilization rate was not affected by the expression of estrus, although embryo recovery rate was similar between heifers that did and did not exhibit estrus. However, embryos recovered from heifers that had exhibited estrus had improved embryo quality and were advanced in stage of development. Exposure of oocytes to increased estradiol concentrations may impact bovine oocyte maturation and competence (Pohler et al., 2012) and, therefore, the development of the resultant embryo. In humans, the likelihood that an oocyte developed into an embryo increased when they were collected from follicles having increased follicular fluid concentrations of estradiol (Teissier et al., 2000) , with similar results in cattle after in vitro maturation and fertilization (Mermillod et al., 1999) . Recently, our laboratory reported that cattle with elevated circulating concentrations of estradiol had greater concentrations of estradiol within the dominant follicle . Therefore, it is likely that oocytes from animals detected in estrus experienced a follicular environment with elevated estradiol concentrations when compared with their counterparts from heifers that did not exhibit estrus.
Estradiol has also been reported to regulate oviductal glycoprotein secretions (Buhi, 2002) and uterine function (Bridges et al., 2012) . Therefore, the improved embryo quality and advancement in stage of development among heifers that exhibited estrus could also be a result of an improved environment for embryo development. The nutrients, growth factors, immunosuppressive agents, enzymes, and ions secreted by the endometrium contribute to early conceptus growth/survival (Geisert et al., 1992; Gray et al., 2001) , and any changes can greatly influence early embryonic viability. Endometrial gene expression is mediated during times of elevated estradiol concentrations to support processes such as extracellular matrix remodeling, cell motility and adhesion, and proliferation (Bauersachs et al., 2005) . Furthermore, genes specifically indicated in pregnancy success including expression of uterine milk protein precursor (SERPINA14; Ulbrich et al., 2009 ) and progesterone receptor (Zelinski et al., 1980; Zollers et al., 1993) were increased with elevated concentrations of circulating estradiol.
Sperm transport has been reported to be optimized when females are in estrus or have been under the influence of estrogen (Hawk, 1983) . This increase in sperm transport may be a direct result of alterations in uterine pH. In cattle, estrus expression before insemination has been reported to decrease uterine pH from 7.0 to 6.7 (Perry and Perry, 2008a,b) , and a decrease in pH has been reported to be associated with prolonged viable lifespan of sperm (Jones and Bavister, 2000) . Following estrus, a rapid increase in uterine pH occurred (Perry and Perry, 2008a,b) . This increase in pH is involved in the initiation of capacitation (Florman et al., 1989) and has also been reported to increase sperm motility (Goltz et al., 1988; Jones and Bavister, 2000) . Increased sperm motility facilitates penetration of the oviductal mucus and cumulus matrix (Suarez, 1996) and the zona pellucida (Stauss et al., 1995) . In the present study, animals that expressed estrus had increased numbers (mean and median) of accessory sperm compared with animals that did not exhibit estrus, and increased accessory sperm numbers were correlated with improved embryo quality. Although accessory sperm are not actually involved in fertilization, they represent sperm that were able to access the oviduct and partially penetrate the zona pellucida. Previous research has indicated tremendous variation in accessory sperm numbers; therefore, accessory sperm has often been reported as median instead of mean numbers (DeJarnette et al., 1992) .
In conclusion, estrous expression improved embryo quality and advanced the stage of the embryos recovered on d 6 compared with embryos from heifers not detected in estrus. Estrous expression likely also improved sperm transport as indicated by the increase in accessory sperm number among animals exhibiting estrus versus those animals not exhibiting estrus. The improvement in embryo quality may be due to effects of increased estradiol concentrations on oocyte maturation and competence before ovulation and/or alterations in oviductal and uterine functions after ovulation and fertilization. Collectively, results of this study demonstrate that even when animals are bred following a TAI protocol, where ovulation is induced by GnRH, estrous response and increased preovulatory concentrations of estradiol before ovulation are critical determinants of subsequent embryo quality and potential pregnancy success.
